In this study, we test geophysical ray tomography and geophysical diffraction tomography by scaled model ultrasonics experiments. First, we compare the performance of these two methods under limited viewangle conditions. Second, we compare the adaptabilities of these two methods to objects of various sizes and acoustic properties. Finally, for diffraction tomography, we compare the Born and Rytov approximations based on the induced image distortion by using these two approximation methods. Our experimental results indicate the following: (1) When the scattered field can be obtained, geophysical diffraction tomography is in general superior to ray tomography because diffraction tomography is less sensitive to the limited view-angle problem and can image small objects of size comparable to a wavelength. (2) The advantage of using ray tomography is that reconstruction can be done using the first arrivals only, the most easily measurable quantity; and there is no restriction on the properties of the object being imaged. (3) For geophysical diffraction tomography, the Rytov approximation is valid over a wider frequency range than the Born approximation in the crossborehole experiment. In the VSP and the surface reflection tomography experiments, no substantial difference between the Born and Rytov approximations is observed.
INTRODUCTION
Geophysical tomography has become an important research topic because it is capable of determining subsurface structures in three-dimensional (3-D) space from surface, borehole, and cross-borehole data. In this study we conduct a set of ultrasonic model experiments to image objects using source-receiver geometries analogous to those for surface reflection, vertical seismic profiling (VSP), and cross-borehole measurements. Using these laboratory data, we reconstruct the objects using different tomographic reconstruction algorithms. This permits us to determine the relative performance of different reconstruction algorithms for each geometry.
Tomographic methods can be classified as ray tomography (based on the ray equation) and diffraction tomography (based on the wave equation). Ray tomography has three types of reconstruction algorithms: the series expansion algorithm, the direct Fourier transform algorithm, and the filtered backprojection algorithm. Kak (1985) gives an overview of these three algorithms. Ray tomography works well when the interaction between the illuminating ehergy and the object under investigation can be successfully described by the ray equation. When the size of the object is comparable to the wavelength of the illuminating waves, diffraction and scattering become the dominant processes. In such cases the system may be described by the wave equation, instead of the ray equation, as proposed by Mueller et al. (1979 Mueller et al. ( , 1980 . Diffraction tomography also has three types of reconstruction algorithms: the series expansion algorithm, the direct Fourier transform algorithm, and the filtered backpropagation algorithm (Kak, 1985) . Using numerical examples, Pan and Kak (1983) compared the direct Fourier transform algorithm and the filtered backpropagation algorithm for diffraction tomography. The series expansion algorithm for the diffraction tomography is described by Mohammad-Djafari and Demoment (1986) . This algorithm is similar to the series expansion algorithm for ray tomography except that the forward problem of the series expansion diffraction tomography is a matrix equation relating the object function and the scattered field and the components of this matrix are the Green's functions.
Most geophysical tomographic studies published so far use the ray tomography methods (Dines and Lytle, 1979; McMechan, 1983; Menke, 1984; Bishop et al., 1985; Ivansson, 1985 Ivansson, , 1986 Peterson et al., 1985; Chiu et al., 1986; Cottin et al., 1986; Gustavsson et al., 1986; Ramirez, 1986) . When ray tomography is used for geophysical applications, there are two inherent problems: (1) "rays" only propagate through a limited portion of the object due to the available source-receiver configurations, and (2) high attenuation in earth materials forces us to illuminate with waves with wavelengths comparable to the size of the subsurface inhomogeneities, resulting in diffraction and scattering which cannot be handled conveniently by the ray equation. T o attack these two problems, Manuscript received by the Editor January 5,1987; Devaney (1982 Devaney ( , 1984 , Esmersoy (1986) , and Wu and Toksoz (1987) applied the diffraction tomography techniques to geophysical problems and formulated the filtered backpropagation reconstruction algorithm for geophysical diffraction tomography. These studies were tested using forward theoretical models or numerical data, which were free of noise and satisfied the assumptions.
In this study, we use ultrasonic laboratory data to test the relative performance of geophysical diffraction tomography and ray tomography under three limited view-angle sourcereceiver configurations: cross-borehole, VSP, and surface reflection.
The filtered backpropagation reconstruction algorithm used in diffraction tomography is derived using the Born or the Rytov approximations. The Born approximation results in a iinear mapping between the object function and the complex (amplitude and phase) scattered wave field. The Rytov approximation results in a linear mapping between the object function and the complex phase difference between the total field and the incident field. It should be noted that, although the reconstruction formulas using the Born and the Rytov approximations are similar, the physical assumptions behind these two approximation methods are quite different. In this paper, we compare the diffraction tomography reconstructions using both approximation methods. Kaveh et al. (1981) conducted a laboratory experiment comparing the effects of the Born and Rytov approximations on diffraction tomography. In their study, the object was evenly illuminated from all directions. This paper, on the other hand, studies the effects of the Born and Rytov approximations when the object is illuminated only from limited view angles.
THE PRINCIPLES OF DIFFRACTION TOMOGRAPHY AND RAY TOMOGRAPHY
In this section we review briefly the filtered backpropagation reconstruction algorithm for diffraction tomography and the algebraic reconstruction technique (ART) for ray tomography used in this paper. More complete discussions of these methods are given by Dines and Lytle (1979) , Kak (1985) , and Wu and Toksoz (1987) .
Diffraction tomography
For the theoretical derivations and experiments, we use a two-dimensional (2-D) geometry for the source-receiver array and the object as shown in Figure 1 . An object with varying wave velocity C(r), where r is the position vector, is situated in the uniform background medium with velocity Co. From the first Born approximation, we obtain the basic equation for the scattering problem, where subscripts g and s refer to geophone and source, respectively, U,(r,, r,) is the scattered field measured at position r, when the point source is at position r,, and O(r) is the object function defined as G is the 2-D Green's function for the background medium where H t ) is the zero-order Hankel function of the first kind, and k, = o/C, is the wavenumber in the background medium. Wu and Toksoz (1987) derived the filtered backpropagation reconstruction formula to invert equation (1): where 0, (kg, k,) is the 2-D Fourier transform of U s (r, , rJ, d, and d, are the distances from the origin to the source line and the geophone line, k, and kg are the wavenumbers along the source line and the geophone line, y, = Jw, y, = Jm, and J(K,, K , I k,, kg) is the Jacobian of coordinate transformation between the (K,, K,) coordinate system, and the (kg, k,) coordinate system. Equation (4) is the general reconstruction formula. The reconstruction formulas for the cross-borehole, VSP, and surface reflection configurations can be obtained by substituting the J(K,, K , I k,, kg), K,, and K, for each configuration into equation (4). In Table 1 , we list the reconstruction formulas and the J(K,, K, I k,, kg), K,, and K, for the cross-borehole, VSP, and surface reflection configurations.
For the case of reconstruction based on the Rytov approximation, all the reconstruction formulas are the same except that 8,(kg, k,) is replaced by &(kg, k,), which is the 2-D Fourier transform of the complex phase function Wr,, r,) defined where Ui (r,, r,) is the incident field and 4, (r,, r,) is the complex phase difference between the total field and the incident field.
Ray tomography
When we use the algebraic reconstruction technique (ART), the imaging area is first divided into N pixels. Let fj be the average of a certain physical parameter (such as sonic wave slowness) inside the jth pixel and Pi be the line integral of that parameter along the ith ray. Then for an imaging system with N pixels and M measurements, the forward problem is where Sij is the length of the segment of the ith ray intersecting the jth pixel. To invert 4, the algebraic reconstruction technique uses an iterative approach. It starts with an initial estimate of fj, denoted by 6. From this initial estimate, the estimated line integral can be calculated by
The iteration algorithm updates the estimate 6 by the recurrence formula Afij is the correction o n p after examining the ith ray. It is the least-squares solution of the following equation:
Equation (8) keeps updating& until the difference between the measured and estimated line integrals is smaller than a prespecified threshold. The convergence of this algorithm can be visualized in the vector space (Kak, 1985) and a rigorous proof of the convergence was given by Tanabe (1971) .
S, in equation (8) is calculated by ray tracing. In our experiment, we use a 2-D ray-tracing algorithm similar to the algorithm described by Anderson and Kak (2982) . This algorithm is derived by first expressing the position vector of the ray r in a Taylor series and discarding the third and higher order Table 1 . Filtered back propagation reconstruction formulas for the cross-borehole, VSP, and surface reflection experiments.
Reconstruction formula
Coordinate transformation (lo), we obtain the following expression for the ray which can be implemented directly as a ray-tracing algorithm:
In equation 11, dr/d/ is the unit vector tangent to the ray, and Vn is calculated by central-difference approximation. The refractive index at an arbitrary position is approximated by bilinear interpolation using the four nearest grid values. We use the shooting method to solve the ray-linking problem, and the launching angle is determined by Newton's method. The simultaneous iterative reconstruction technique (SIRT) is very similar to the algebraic reconstruction technique except that the correction on each pixel at each iteration is determined from all the measured data simultaneously (Gilbert, 1972) . In this study, we use the simultaneous iterative reconstruction technique.
ULTRASONIC EXPERIMENTS
Ultrasonics experiments simulating geophysical tomography are carried out in a modeling tank. This tank is 100 cm x 60 cm x 50 cm in dimension and is equipped with microcomputer-based control and data acquisition systems. Water is used as a constant-velocity background medium. Objects of various sizes and acoustic properties are used as targets to be imaged. We use one broad-band hydrophone for the source (LC-34) and another for the receiver (ITC-1089D). The frequency range in our experiments is 10 kHz to 200 kHz. Each hydrophone can be moved independently in 3-D space by three step motors. Each step is 0.064 mm. The translation scanning scheme of the hydrophones is controlled by a SLO-SYN step motor controller. The electrical input for the source hydrophone comes from a Panametrics 5055PR pulser. The received signals are filtered by a Krohn-Hite 3202R filter, amplified by a Panametrics 5660B preamplifier, and digitized by a Data Precision DATA6000 digital oscilloscope. The digital oscilloscope and the step motor controller are interfaced with the IBM microcomputer by an IEEE-488 interface bus.
Digitized data are transmitted to a VAX 11/780 computer for image reconstruction. Images are displayed on a Comtal image processor. A block diagram of the laboratory setup is shown in Figure 2 .
The source and receiver configurations used in our experiments to simulate VSP, cross-borehole, and surface reflection configurations are shown in Figure 3 . The object used in the tomography experiments is a gelatin cylinder 90 mm in diameter. The P-wave velocity and density of this gelatin cylinder are 1.55 km/s and 1.24 g/cm3, respectively. The difference in P-wave velocity between the object and background medium is only 4 percent, which is sufficient to satisfy the constraints for using the Born and Rytov approximations.
Since we use a point source and a point receiver and there is no velocity variation along the axial direction of the gelatin cylinder, which is perpendicular to the source-receiver plane, our experiments are "two-and-half-dimensional" (2 1/2-D) experiments (Esmersoy, 1986) . In the far field, the 2 112-D scattering problem is very similar to the 2-D scattering problem (Esmersoy, 1986) . This is why the 2-D reconstruction algorithms listed in Table 1 can be applied to our experiments.
For the diffraction tomography experiments, objects are reconstructed by applying the filtered back-propagation algorithms listed in Table 1 to the scattered wave field induced by the object. We use a dual-experiment method to measure the scattered wave field. First, we put the object inside the water tank, scan the source and the receiver around it, and measure the total wave field. Then, we remove the object and repeat the same scanning procedure to obtain the incident wave field. The difference between these two sets of data is the scattered wave field due to the object. This dual-experiment method also helps eliminate interference from the experimental setup such as the walls of the tank and the hydrophone itself.
For the ray tomography experiments, we use the same data set collected in the diffraction tomography experiments. The traveltimes of the first-arrival P waves of the total field waveforms are used to obtain the velocity of the object by the simultaneous iterative reconstruction technique described above.
EXPERIMENTAL RESULTS

Cross-borehole tomography experiment
The layout of this experiment is shown in Figure 3a Figure 4a shows the total field waveforms; Figure 4b , the incident field waveforms; and Figure 4c , the scattered field waveforms. Taking the Fourier transform of the waveforms, we obtain the magnitude and phase of the total field, the incident field, and the scattered field at various frequencies. We use Tribolet's algorithm (Tribolet, 1977) with the computation efficiency improvement made by Bonzanigo (1978) to unwrap the phase data. Using these data, we reconstruct the object with the filtered backpropagation algorithm. Reconstructions with both the Born and the Rytov approximations are calculated. Figure 5 shows the reconstructions with the Born and Rytov approximations at 30 kHz and 50 kHz. At the lower frequency, images reconstructed by either the Born or the Rytov approximations are about the same quality (compare Figures  5a and 5b ), whereas at the higher frequency, the image reconstructed by the Rytov approximation is less distorted than the one reconstructed by the Born approximation (compare Figures 5c and 5d ). The wavelength independence of the Rytov approximation observed in this experiment is consistent with the results of the numerical study by Slaney et al. (1984) . In their work, they demonstrated that the validity of the Rytov approximation is judged by the phase change per wavelength, not by the total phase change. Therefore, as long as the velocity contrast between the object and the surrounding medium is small enough [less than a few percent, as suggested by Slaney et al. (1984) ], the Rytov approximation is valid without constraints on the size of object. The Born approximation, however, requires that the scattered field be small. This will be violated when the size of the weak inhomogeneity becomes large. Also, note that in the cross-borehole configuration, the information coverage in the frequency domain is poor in the horizontal direction (see Figure 4 in Wu and Toksoz, 1987) . This is consistent with the poor horizontal resolution in the images reconstructed in our cross-borehole experiments. The traveltimes of the first-arrival P waves of the total field waveforms are also measured in the cross-borehole experiment to reconstruct the gelatin cylinder by the simultaneous iterative reconstruction technique. The images reconstructed are shown in Figure 6 . Using Figure 6a , an initial estimate assuming no information about the object is available, results in Figure 6b as the reconstruction after 20 iterations. Using Figure 6c , another initial estimate circular in shape but with a radius twice the radius of the true object, results in Figure 6d as the corresponding reconstruction after 20 iterations. Comparing Figures 6b and 6d , we note that ray tomography using the simultaneous iterative reconstruction technique improves significantly if the initial model approximates the true object. Further iterations did not improve the images significantly in either case.
Cross-borehole experiment with a more complex object
To investigate further the relative performance of diffraction tomography and ray tomography, we ran another crossborehole experiment with a more complex object. This object is a gelatin cylinder with two aluminum rods inside as shown in Figure 7 . The image reconstructed by diffraction tomography based on the Born approximation is shown in Figure 8a . Both the gelatin cylinder and the two aluminum rods are (a) Total field successfully reconstructed. The same data are also inverted by ray tomography with the simultaneous iterative reconstruction technique. With an initial estimate such as Figure 6c , the ray tomography reconstruction after 20 iterations is shown in Figure 8b . The gelatin cylinder is reasonably well reconstructed, but the two aluminum rods are poorly reconstructed. This experiment demonstrates that when the size of the object is comparable to the wavelength, diffraction tomography with the filtered backpropagation reconstruction algorithm can reconstruct the object better than ray tomography.
VSP tomography experiment
In this experiment, the source hydrophone is activated at 32 equally spaced positions along the source line, simulating 32 sources arranged in a straight line on the surface. The receiver hydrophone records waveforms at 32 equally spaced positions along a straight line perpendicular to the source line, simulating 32 receivers in a borehole. Examples of the waveforms recorded with a gelatin cylinder as the scatterer are shown in Figure 9 . Figure 10 shows the filtered backpropagation reconstructions at 30 kHz and 50 kHz with the Born and Rytov approximations. All four examples in Figure 10 reconstruct the upper right portion of the object better than the lower left portion. This distortion can be explained by the uneven spectral coverage of the VSP diffraction tomography (Figure 3b in Wu and Toksoz, 1987) .
Similar to the cross-borehole ray tomography experiment, the traveltimes of the first-arrival P waves of the total field waveforms are used to reconstruct the object by the simultaneous iterative reconstruction technique. The results are shown in Figure 11 . The layout of this experiment is shown in Figure 3c . The source hydrophone scans along a source line, simulating 32 sources on the surface. The receiver hydrophone scans along another line parallel to the source line, simulating 32 receivers also on the surface. Figure 12 is an example of the waveforms recorded in this surface reflection experiment with the source hydrophone situated in the middle of the source line, where Figure 12a is the total field, Figure 12b is the incident field, and Figure 12c is the scattered field. Since the acoustic impedance contrast between the water and the gelatin cylinder is very small, the back-scattered wave field in this experiment is very weak. This reduces the signal-to-noise ratio and makes our reconstruction very noisy. Images reconstructed by the filtered backpropagation algorithm are shown in Figure 13 . Figures 13a and 13b are the reconstructions at 30 kHz based on the Born and the Rytov approximations. Figures 13c and  13d are the reconstructions at 50 kHz based on the Born and the Rytov approximations. In this example, the Born approximation performs as well as the Rytov approximation. As discussed by Kaveh et al. (1981) and Wu and Aki (1985) , the Born approximation performs well for back scattering. In the surface reflection experiment, the dominant forward scattering component which is disturbing for the Born approximation is not received by the receiver. The input to the reconstruction ---. -- . . -, .
-----. algorithm is the relatively weak back scattering component of the scattered wave field and this may be one of the reasons why the Born approximation works in this case.
CONCLUSIONS
Both diffraction tomography and ray tomography can be used for subsurface imaging. These two methods perform differently depending on the source-receiver configuration and the size and properties of the object. When the source-receiver configuration is such that the illuminating waves are directly transmitted through only part of the object, such as in the VSP and surface reflection experiments, diffraction tomography is superior to ray tomography. If the object is uniformly illuminated, as is the case with the cross-borehole experiment, the size and the properties of the object determine the best reconstruction algorithm. In the cross-borehole configuration, if the size of the object is comparable to the wavelength, diffraction tomography is better than ray tomography. If the size of the object is much larger than the wavelength, ray tomography may perform as well as diffraction tomography. These conclusions are based on our laboratory setup where we can separate the scattered wave field by measuring the background field. In field applications, this arrangement may be possible only in enhanced recovery processing, fracturing, or other cases where "before" and "after" imaging can be made.
Two factors closely related to the fidelity of geophysical diffraction tomography are also examined in this paper: (1) source-receiver configuration and (2) approximation methods. Among the three source-receiver configurations tested in this study, the cross-borehole configuration gives the best result. Images reconstructed with the surface reflection configuration have very strong background noise. A VSP configuration images the quadrant of the object facing the source line and the receiver line better than the opposite quadrant of the object.
The Born and Rytov approximations are also compared based on our experimental data. In this paper, we discuss only reconstructed images using data whose wavelengths are 113 (50 kHz examples) or 1/13 (30 kHz examples) of the diameter of the object (gelatin cylinder). This makes it difficult to decide whether or not the Rytov approximation is superior to the Born approximation (Chernov, 1960; Kaveh et al., 1981; Slaney et al., 1984; Zapalowski et al., 1985) when the size of the weak inhomogeneity is much larger than the wavelength. Our experimental results suggest that for the cross-hole experiments, the Rytov approximation has a wider range of validity than the Born approximation. This is expected, since the Rytov approximation is better suited to the transmission (forward scattering) experiment than the Born approximation. For the VSP and surface reflection tomography experiments, no substantial difference between the Born and Rytov approximations is observed in this study.
